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Near the Curie temperature of a ferromagnet the form of a domain wall hanges from the Bloh
type to (asymptotially) the linear Zhirnov wall. Unlike the simple 180
◦
rotation of the magnetiza-
tion vetor in a Bloh wall, its absolute value diminishes near the enter of the wall. This leads to a
derease of the total transverse omponent of the exhange eld inside the wall and to an inrease of
mistraking of the spins of the eletrons traversing the wall. This mehanism may help explain large
magnetoresistane of domain walls in thin nanowires, as the Curie temperatures of low-dimensional
nanostrutures are known to be lower than in bulk ferromagnets while the anisotropy energy stays
virtually unhanged.
Strong urrent interest in magnetoresistane of domain
walls in metalli ferromagnets is motivated by possible
appliations in magnetoeletronis. But at the moment
there remains diulty in reoniling experimental and
theoretial results. Dierent experimental groups re-
ported both positive and negative ontribution of a single
wall to resistane (see, e.g., the review in [1℄). The theory
of mistraking of the eletron spin, e.g. the inability of
its preession to trak the hanging loal exhange eld as
the eletron traverses the wall, ould explain [2℄ a small
(∼ 2%) inrease of the wall resistane [3℄. However, vari-
ous other ontributions to resistane of the same order of
magnitude that are either negative [4℄ or an have both
signs [5℄, were proposed, that ould instead lead to a de-
rease in the domain wall resistane [6, 7℄. We want to
show below that the ontroversy of the experimental re-
sults may be resolved in terms of the wall struture in
dierent experiments.
Magnetoresistane of domain walls in Ni nanoontats
was found to be very large [8, 9℄. The theory [10℄ showed
that geometrially onstrained domain walls in atomi
point ontats beome muh sharper than in the bulk
or thin lms, with the width on the sale of the size
of the onstrition, thus enhaning the mistraking and,
onsequently, the resistane.
A very large inrease (100%-600%) in the resistivity of
domain walls was also observed in 35 nm Co nanowires
[11℄. The authors suggested that the mehanism behind
this raise may be similar to the giant magnetoresistane
in urrent perpendiular to the plane geometry (GMR-
CPP). I.e., the mistraking of the passing eletrons auses
spin aumulation at the domain walls whih extends on
the sale of the spin diusion length muh larger than the
domain wall width and gives rise to the large resistane.
In a theoretial study [12℄ it was found that spin au-
mulation on Bloh domain walls is insuient to give rise
to large magnetoresistane, and was suggested that the
∗
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domain wall may be of Zhirnov linear type [13℄.
In a linear domain wall magnetization remains along
the easy axis and is inverted by diminishing the absolute
value and passing through zero. The absene of a trans-
verse omponent of the exhange eld in a linear wall
eliminates the torque rotating the spin of the traversing
eletron, and maximizes the mistraking. A linear wall
is energetially more favorable than the Bloh one in the
bulk of a ferromagnet when the magneti energy beomes
weaker than the anisotropy, e.g. near the Curie temper-
ature in bulk ferromagnets as in Zhirnov's original paper
[13℄. Sine the Curie temperature of thin lms and wires
is known to be onsiderably lower than those of bulk fer-
romagnets, magneti energy an beome omparable to
or even less than the anisotropy in thin nanowires.
In this paper we desribe the transition between Bloh
and linear domain walls with the relative hange of the
oeients of magneti energy and anisotropy in the Lan-
dau funtional. We show that the magnetization always
rotates in a transition layer of the Bloh wall width, but
its absolute value ould hange. If the magneti energy is
omparable to or less than the anisotropy, another sale,
the Zhirnov linear wall width, greater than the Bloh
wall width, appears in the problem. The absolute value
of magnetization then diminishes from the values in the
domains toward the region where the inversion ours on
the sale of Zhirnov linear wall width. So the transverse
omponent of the average magneti moment in the wall
diminishes, whih leads to inreased eletron spin mis-
traking and higher wall resistane.
Quite generally, equilibrium magneti domain stru-
ture is determined from the minimum of the total energy
of a ferromagnet below the Curie temperature inlud-
ing exhange, anisotropy, magnetostati (stray, or dipole-
dipole) and magnetoelasti energies. In the simplest ase
of uniaxial rystals average magneti moment along the
anisotropy axis (easy-axis) zˆ is oriented oppositely in the
neighboring domains. This ase orresponds to a positive
anisotropy oeient κ > 0 in the Landau expansion of
the density of ferromagneti free energy:
F = F0 +AM
2 +BM4 + 1
2
β (∂iM)
2
+ 1
2
κM2
⊥
. (1)
2Here M⊥ = M −Mzzˆ is the in-plane omponent of the
average magneti moment M. For positive κ the mini-
mums Fconst = F0− |A|M
2
s
/2 of (1) among the spatially
uniform solutions are reahed when
M = ±Mszˆ with M
2
s
= |A|/2B (2)
(in a ferromagneti state A < 0).
Consider a transition layer (a domain wall) between
two regions with uniform equilibrium magnetization (2)
in the bulk of a ferromagnet. In this ase M is varying
only in the diretion lˆ perpendiular to the plane of the
wall. If we introdue the normalized magnetization m =
M/Ms and the polar oordinates (θ, ϕ) ofM with respet
to zˆ, free energy (1) is rewritten as
F = Fconst +
1
2
M2s
[
|A|(1 −m2)2
+β(m˙2 +m2θ˙2) + (κ+ βϕ˙2)m2 sin2 θ
]
, (3)
where a dot over a symbol implies a derivative over l. An
equilibrium wall struture m(l), θ(l), and ϕ(l) has to be
found from this funtional variationally.
The Euler-Lagrange equation δF/δϕ = 0 gives ϕ¨ = 0,
hene ϕ˙ = const. A minimum of F is obtained when
ϕ˙ ≡ 0, i.e., the magnetization stays in a plane, whih we
will hoose to be the xz-plane, so that ϕ ≡ 0.
Equation δF/δθ = 0 gives βθ¨ = κ sin θ cos θ. Its rst
integral
I = βθ˙2 − κ sin2 θ = const (4)
vanishes in the domains at ±∞, therefore I ≡ 0. Whene
we nd that the solution with boundary onditions
cos θ(±∞) = ±1 and the enter of the wall at the ori-
gin is [14℄
cos θ = tanh(l/wBl). (5)
The spatial sale wBl =
√
β/κ is the width of the Bloh
wall. It is determined by a ompetition between the inho-
mogeneous exhange interation whih tends to inrease
wBl and of the magneti anisotropy whih dereases wBl.
The diretion of magnetization rotates from 0 to pi on
the sale of wBl.
We still have to nd the normalized absolute value m
of the magnetization from δF/δm = 0:
βm¨ = m(βθ˙2 + κ sin2 θ)− 2|A|m(1−m2). (6)
Substituting (5) we arrive at
βm¨ = 2m
[
κ
cosh2(l/wBl)
− |A|(1−m2)
]
. (7)
The variation of m is determined by a ompetition of the
two terms. The rst is the anisotropy whih ats only
in the region l <∼ wBl near the enter of the wall, where
magnetization deviates from the easy axis. The seond
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Figure 1: The variation of the absolute value of magnetization
through domain walls in a bulk ferromagneti. The parameter
wZh/wBl is 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2, 3, 5, 10, and 20 for
the urves from top to bottom.
term omes from the hange in the absolute value of the
magnetization. It ats on a sale of the width of Zhirnov
wall wZh =
√
β/|A| whih may be smaller or greater than
wBl depending on the parameter |A|/κ whih gives the
relative strength of the magneti energy and anisotropy.
Deep below the Curie temperature one an neglet the
variation of the absolute value of the magnetizationm. In
this ase the solution, alulated by Landau and Lifshitz
[14℄, is the Bloh wall in whih m remains onstant and
the angle θ inverts on the sale of wBl. Indeed, when
|A| ≫ κ, the rst term in (7) may be negleted and the
equation
βm¨ = −2|A|m(1−m2) (8)
has only the trivial solution m ≡ 1 satisfying the bound-
ary onditions m(±∞) = 1.
Zhirnov [13℄ onsidered the domain wall struture near
the Curie temperature, when A = α(T − Tc) is smaller
than the anisotropy, and it beomes energetially more
favorable to diminish m rather than to tilt magnetization
from the easy axis. Zhirnov linear wall is most easily ob-
tained if we omit the rst term in (7) altogether and allow
m to hange sign. To pass to the limit of Zhirnov wall
in the solution of (7) with the hosen parametrization
of M, although possible, is not straightforward, and we
postpone the disussion of this aademi problem until
the end of the paper.
For arbitrary ratios κ/|A| the solution for the abso-
lute value of magnetization an only be obtained numer-
ially. The urvesm(l) for several values of the parameter
wZh/wBl =
√
κ/|A| are plotted in Fig. 1. The inrease
in the relative value of the anisotropy κ/|A| desribes the
transition from the Bloh to linear wall.
We see that for small wZh/wBl, when the anisotropy is
relatively weak, the rst term in (7) only auses a small
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Figure 2: Normalized absolute value of magnetization at the
enter of the wall m(l = 0) (solid line), the ux width wF (9)
of the wall (dashed line), and the inverse half-width of the wall
(dash-dotted line) as funtions of the parameter wZh/wBl =√
κ/|A|.
indentation in m in the region l <∼ wBl near the wall
enter where the magnetization inverts its diretion. A
measure of the depth of this indentation is the absolute
value of the magnetization in the enter of the wallm(l =
0), whih is always < 1 for nite anisotropy κ/|A|.
As wZh approahes wBl, m(l = 0) goes down. Nev-
ertheless, the width of the indentation remains almost
onstant and equal to wBl. At approximately the point
when wZh/wBl ≈ 2÷ 3 the seond term in (7) takes over
the variation of m. From this point on, the width of
the indentation grows approximately linearly with wZh
and m(l = 0) ontinues to fall slowly, approahing zero
asymptotially as the wall goes to a pure linear limit
κ≫ |A|.
Quantitatively, this transition is illustrated in Fig. 2,
where the absolute value of the magnetization at the en-
ter of the wall m(l = 0) (solid line) and the inverse half-
width of the indentation (dash-dotted line) are plotted
vs. wZh/wBl.
There are learly two spatial sales in the problem:
angle θ is inverted in a layer of the width wBl; also, if
wZh > wBl, the absolute value of magnetization hanges
with the harateristi length of wZh. Whih of the sales
denes the wall width depends on the ontext, and var-
ious denitions were proposed in the literature [15℄. All
of them, however, are based on the variation of the angle
θ(l) only and are not partiularly suitable for the wall in
question. The denition of the wall width based on the
total wall ux
wF =
1
pi
∫
∞
−∞
m(l) sin θ(l)dl (9)
seems a viable suggestion. It desribes ontrast in Bitter
pattern experiments [15℄. And, sine (9) gives the inte-
gral of the transverse omponent of magnetization in a
wall, it serves as a qualitative measure of mistraking,
and, hene, of the wall resistane.
The ux width of the wall is plotted in units of wBl
as dashed line in Fig. 2. It hanges from wBl for the
limiting ase of a pure Bloh domain wall to zero for
a pure Zhirnov linear wall. Thus with the inrease of
the anisotropy, as the wall transforms into a linear one,
the transverse omponent of magnetization in the wall
diminishes, so the eletron spin beomes less able to trak
the hanging loal exhange eld when it traverses the
wall, and the wall resistane inreases.
In a nite sample the struture of a domain wall is
found from a minimum of the sum of the loal free energy
(1) and of the non-loal dipolar energy depending on the
form of the sample. This is a highly non-trivial task even
for the simple geometry of ylindrial wires with the easy
axis along the wires used in [11℄. A rough estimate of
the importane of the dipolar energy is given by 2piM2s
multiplied by the wall width ompared to the surfae
tension of the wall. For a Bloh wall this leads to the
usual quality fator riterion: if 2piM2
s
/κ is less than
unity, the dipolar interation an be negleted, otherwise
not. For a Zhirnov wall the ratio of the dipolar energy of
the wall to its tension alulated by negleting the dipolar
ontribution is 2piM2s /|A|. Sine in the Zhirnov regime
|A| ≪ κ, this is a striter requirement. So, we onlude,
the magnetostati energy does play a role in the form of
the domain wall in nite samples in the regime lose to
the pure linear Zhirnov wall. However, this is a problem
of the next level of omplexity that has to be studied
separately.
To onlude, in an equilibrium domain wall in a bulk
ferromagnet the magnetization is ipped on the sale of
the Bloh wall width. If the anisotropy is omparable or
stronger than the magneti energy the absolute value of
magnetization in the region where it is ipped is less than
the value in the domains. The derease in the absolute
value ours on the sale of the width of Zhirnov linear
wall. This derease diminishes the torque ating on the
spin of an eletron traversing the wall, impairs the ability
of the eletron spin to trak the hanging magnetization,
and leads to a greater spin aumulation GMR eet, and
thus to a greater wall resistane. This may ontribute
to the observed large magnetoresistane of domain walls
in 35 nm Co nanowires [11℄. A quantitative estimate
of the eet is hindered by the absene of data on the
Curie temperature of nanowires. Enouraging, though, is
the absene of large magnetoresistane in slightly thiker
wires of 50 nm in diameter [11℄ whih presumably have
greater Tc.
In the end of the paper, we show how a formal passing
to the limit of pure Zhirnov wall may be done in the so-
lution of (7). Zhirnov linear wall is realized in the limit
wZh > wBl. Then outside of the region of the inversion
of θ, |l| <∼ wBl, the slow variation of m is still desribed
4by (8). The non-trivial solutions with the boundary on-
ditions m(±∞) = 1 are respetively
m(l) = tanh
l0 ± l
wZh
. (10)
The rst term of (7) is non-zero only loser than wBl to
the enter of the wall. To desribe the variation of m on
the sale of wZh it may be substituted by a delta-funtion:
cosh−2(l/wBl)→ 2δ(l/wBl). Thus the two solutions (10)
need to be mathed at the origin so that the derivative
m˙(0) had a jump
m˙(+0)− m˙(−0) = 4m(0). (11)
Sine for small l0 Eq. (10) gives m(0) ≈ l0/wZh and
m˙(0) ≈ ±1/wZh, ondition (11) orresponds to a hoie
of l0 = wBl/2. So the solution is given by
m(l) = tanh
wBl/2± |l|
wZh
. (12)
On the sale of wZh one may neglet wBl/2 ompared to
|l|, and we nally have
m(l) = tanh |l|/wZh. (13)
The law of inversion (5) of the angle θ on the sale wZh
is
θ(l) = piΘ(l), (14)
where Θ(x) is the Heaviside funtion. In a pure Zhirnov
wall magnetization never leaves the easy axis and only
hanges its diretion passing through zero. Hene the
hosen parametrization of M by m, θ, and ϕ is not very
onvenient for suh a transition. That's why an indiret
proedure above was needed.
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